The Earth's oceanic crust crystallizes from magmatic systems generated at mid-ocean ridges. Whereas a single magma body residing within the mid-crust is thought to be responsible for the generation of the upper oceanic crust, it remains unclear if the lower crust is formed from the same magma body, or if it mainly crystallizes from magma lenses located at the base of the crust [1] [2] [3] . Thermal modelling [4] [5] [6] , tomography 7 , compliance 8 and wide-angle seismic studies 9 , supported by geological evidence 3, [10] [11] [12] [13] [14] [15] [16] [17] [18] , suggest the presence of gabbroic-melt accumulations within the Moho transition zone in the vicinity of fast-to intermediate-spreading centres. Until now, however, no reflection images have been obtained of such a structure within the Moho transition zone. Here we show images of groups of Moho transition zone reflection events that resulted from the analysis of ,1,500 km of multichannel seismic data collected across the intermediate-spreadingrate 19 Juan de Fuca ridge. From our observations we suggest that gabbro lenses and melt accumulations embedded within dunite or residual mantle peridotite are the most probable cause for the observed reflectivity, thus providing support for the hypothesis that the crust is generated from multiple magma bodies.
The Moho transition zone (MTZ), located at the crust-mantle boundary, separates layered gabbros of the crust (derived by magma crystallization) from residual peridotites (generally harzburgites) representing mantle rocks 10, 12 . Mapping of the Oman and the Bay of Islands ophiolite complexes, both of which are inferred to be composed of obducted oceanic lithosphere formed at intermediateto fast-spreading ridges, has shown that the MTZ is composed of sills and lenses of gabbro intruded into dunite or, occasionally, into harzburgite 3, [10] [11] [12] [13] [14] [15] [16] [17] [18] . The thickness of the MTZ can vary from a few metres to over two kilometres 10, 12 . A thin MTZ (,, 100 m) 17 is widespread within the mapped ophiolites and is characterized by intense deformation resulting from solid-state flow away from the ridge axis that transposes all lithologic units into parallelism subhorizontal to the Moho. In the few areas where a localized, thick MTZ (. ,100 m) 17 is observed, individual gabbro sills and lenses can reach thicknesses of a few hundred metres 12 . Locally steep orientation of foliation planes and lineations within high-temperature peridotite led to the association of thick MTZs of the Oman ophiolite with preserved ancient mantle diapirs, many of which are centred along inferred palaeo-ridge axes 16 . Gabbro sills of the thick MTZ display strong magmatic flow structure, with lineations and foliations parallel to those within the surrounding peridotites where solidstate conditions prevailed. These structures were formed during the horizontal flow, carrying upper mantle formations away from the ridge axis 13 . In our Juan de Fuca reflection sections, the Moho discontinuity is imaged along more than 60% of the survey track (Fig. 1) . Because the inferred crustal thickness is remarkably uniform, as inferred from two-way travel times (2,080^100 ms), the stratigraphic level of events originating within the MTZ is well constrained. The Moho discontinuity is mostly represented by a single reflection event of variable strength, at places remarkably sharp and strong (Fig. 2a) . Seismic modelling studies 11, 20 suggest that areas with a single strong or moderately strong Moho reflection event are probably characterized by an abrupt passage from layered gabbros of the lower crust, to residual peridotites of the uppermost mantle. Areas with weak or no Moho reflection event may be indicative of rough Moho topography that scatters acoustic energy, or may represent thick MTZs composed of thin alternating gabbro and dunite sills, where the ratio of dunite to gabbro gradually increases with depth resulting in a gradual downward velocity increase (Supplementary Discussion 1).
In Fig. 2b , we show the largest and the most prominent group of MTZ reflection events recorded (Supplementary Discussion 2). These sub-horizontal reflections are located on line 17-3-1, more than 30 km east of the ridge axis (Fig. 1) . The Moho reflection event in this section of line 17-3-1 is weak but traceable, placing the recorded events just below the crust. For the purposes of discussion and following ref. 12 , we assume that the geophysical Moho and petrological Moho are equivalent, and that the MTZ is therefore the uppermost part of the mantle. The spatial character of the imaged subcrustal reflection events is in excellent agreement with the geometry of the thick MTZ as described by ophiolite studies 12 . The anomalous MTZ area is approximately 10 km wide, with individual bright events showing 4-5 km of lateral continuity and a combined thickness of over 2,000 m in the central region, comparable to the maximum thickness mapped in ophiolites 10, 12 . High signal-to-noise ratio of the imaged MTZ events presented in the migrated stack of Fig. 2b indicates that these reflections probably arise at sharp boundaries between layers of significantly different physical properties. The strength of the observed sub-Moho events may also be partially due to constructive interference from the top and the bottom sill reflections. Assuming that the MTZ events are caused by gabbro sills with a P-wave velocity of 7 km s 2 1 , and that the dominant data signal frequency is , 10-15 Hz, the strongest responses will be generated by gabbro sills with thicknesses from , 50-150 m, and will be characterized by single reflection events. This is in agreement with the thickness of large gabbro sills mapped in ophiolites. Sills with thicknesses , , 20 m cannot be imaged because of destructive wave interference. Images of sills with a thickness . ,200 m will be characterized by paired top and bottom reflection events of opposite polarity, a pattern not observed in our seismic sections.
Insight about the lithologies causing the reflections can in principle be obtained by analysis of reflection amplitude variation as a function of offset or angle of incidence (AVO/AVA). However, the signal-to-noise ratio of our prestack data was much too low for the standard AVO analysis. We therefore computed trace envelopes (Fig. 3a) for a partially stacked super CMP gather positioned over the brightest group of subcrustal reflections from Fig. 2b , and compared them with calculated amplitude curves for rays reflected from the potential rock interfaces of a thick MTZ (Fig. 3b-f ) (Supplementary Discussion 3) . The observed reflection strength of the MTZ events seems to gradually weaken with the increasing source-receiver offset, with somewhat greater amplitude drop at offsets larger than about 4 km. Based on the relationship between modelled and observed reflection strength curves (red and blue lines in Fig. 3b and c) , we speculate that the imaged reflections were generated at contacts between solid gabbro sills and host dunite, a structural relationship frequently observed in the thick MTZs of the Oman ophiolite 13 . We cannot resolve (see Fig. 3 ) whether the host rock for the gabbro sills is dunite or residual mantle peridotite 3 . The possibility that the strongest MTZ reflections in Fig. 3a were generated at the contact between ultramafic host rocks and gabbromelt, however, cannot be eliminated. Nevertheless, such an interface is less likely because the ridge axis is located at a significant distance westward (, 33 km), and the predicted reflection amplitude fall-off with offset for a dunite-gabbro-melt interface seems more rapid than that observed (Fig. 3b) . Moreover, the reflection amplitudes for the dunite-gabbro-melt contact (Fig. 3b) are much larger than for the corresponding solid-solid interface (Fig. 3c) , but high signal-tonoise ratio subcrustal reflections are not identified in the prestack data. The graph shown in Fig. 3f indicates that the lower boundary of thick MTZs, usually represented by a transition from dunite to harzburgite, is transparent for reflection imaging.
In addition to the events shown in Fig. 2b , we were able to identify a number of other areas with complex Moho and sub-Moho reflections along our survey track (Supplementary Discussion 4) . The distribution of all imaged subcrustal reflection areas extending for at least 3 km is presented in Fig. 1 . The identified thick MTZs form two distinct groups: those centred near the ridge axis and those found beyond (., 20 km), such as the one shown in Fig. 2b . The thick MTZs found near the ridge axis seem to be uniformly and symmetrically distributed across the ridge axis. An example of a series of subcrustal reflection events located less than 10 km from the ridge axis on line 87-89-73-89a is shown in Fig. 4 . Although our data do not provide direct constraints on the lithologic nature of the subcrustal interfaces imaged in the vicinity of the ridge axis, ophiolite 3, 15, 17 and other geophysical investigations [7] [8] [9] indicate that gabbro-melt lenses are emplaced in the MTZ near the ridge axis. Therefore, the observed subcrustal reflections, such as those presented in Fig. 4 , are more likely to be generated at the interface between ultramafic rocks and gabbro-melt than the subcrustal reflections located farther away from the ridge axis.
Away from the ridge axis (., 20 km), the instances of thick MTZs seem to correlate with the location of outer propagator wakes defined by magnetic isochrons (Fig. 1) . The general absence of detectable thick MTZs away from the ridge axis, and outside the outer propagator wake area, suggests a highly dynamic environment at the crust-mantle boundary up to a distance of a few tens of kilometres from the spreading centre. Within this area, MTZ gabbro sills and dunite layers both form and can cease to exist. Structural mapping of the Oman ophiolite provides evidence for two possible mechanisms responsible for thinning of the thick MTZs: tectonic stretching and upward magma discharge 3, 17 . The thick MTZs found ., 20 km away from the ridge axis, and in particular the largest ones marked in red in Fig. 1 , are distinct from the near ridge axis features in size, shape and thickness. Based on their spatial association with the outer propagator wakes, we suggest that these preserved thick MTZs were formed by intrusion of melt into the crust-mantle boundary area within the zone of active spreading on the propagating ridge segment. At the propagator tips, the spreading breaks into a relatively cool lithosphere that might allow for large magma bodies to be emplaced and solidified. Ophiolite mapping and our data constrain the maximum thickness of emplaced magma bodies to ,150-200 m, and their maximum diameter to several kilometres. Existence of isolated magma bodies at propagator tips, which appear to have experienced rapid cooling and high fractional crystallization, is supported by the common occurrence of high amplitude magnetic anomalies and high Fe-Ti basalts 21, 22 . Large intrusions of basaltic melt into previously accreted, and therefore older and colder, oceanic lithosphere are also documented in the Maqsad diapir area of the Oman ophiolite 23, 24 , and were associated with the opening of a propagator 18 . Two of the imaged thick MTZs (marked red in Fig. 1 ), characterized by strong reflection events that we believe are indicative of the thick (, 50-150 m) gabbro sills, might also be associated with diapirism linked to opening of the propagators. In both cases the imaged sills appear to have a ridgeward dip and to be located within the newly accreted crust, which itself is characterized by smoothest topography suggesting locally abundant melt supply. Unlike the crust forming the inside wakes, which is rotated and sheared 21 , the crust forming the outer propagator wakes experiences little deformation 22 and therefore provides a sheltered environment in which thick MTZs may be preserved. Interestingly, of the three MTZ melt lenses identified along the East Pacific Rise 118-138 N area using PmS waves 9 , two are associated with the outer wakes of migrating overlapping spreading centres.
Our evidence suggests that sill emplacement in the MTZ may be a common feature beneath intermediate spreading centres but the sills themselves are short-lived. Only sills within the thick MTZs formed at propagator tips seem to remain preserved after being accreted to outer propagator wakes. The melt lenses forming these thick MTZs Fig. 2b . Gather data traces were amplitude corrected only for the geometrical propagation effects and shot and receiver 'surface' inconsistencies, sorted to 1-km-wide partial source-receiver offset gathers and stacked. To estimate the signal reflection strength as a function of arrival time, the partial stacked super gather data were then transformed to trace envelope and plotted in colour. b-f, Ray amplitude, in red, as a function of the source-receiver offset for the potential rock interfaces of the thick MTZ shown in Fig. 2b . For the inverted interfaces of b-f, only the sign (polarity) of the reflection amplitudes changes. Solid and dashed blue lines in b and c are the cubic fit to the average maximum amplitude for the events shown in a and the computed error bounds, respectively. The observed amplitude decay curve is scaled so that it matches b and c modelled amplitudes at zero-offset. The reflection events are located approximately 7 to 8 km east of the ridge axis (see Fig. 1 ) and a few hundred milliseconds below the Moho reflection event, which in this section of line 87-89-73-89a is of moderate strength. Our interpretation of the Moho discontinuity location is shown with a continuous red line; dashed where inferred. The yellow line is the igneous basement pick delayed by 2,300 ms, the average two-way travel time through the crust in the vicinity of the Cleft ridge. The presented events appear to exhibit a very mild dip away from the axis but the form and strength of these sub-Moho reflections might be imaged inaccurately due to focusing and defocusing of the acoustic energy in the areas close to the ridge axis, where the seafloor topography is generally rougher. Nevertheless, the recorded signals are probably true sub-Moho reflections as we generally do not observe scattered energy at earlier times, and cannot find an explanation for its focusing just below the Moho discontinuity.
are thought to have experienced repetitious magma expulsion with continuous melt replenishment 3, 15 . Hence, the interpreted large gabbro-melt sills within the thick MTZ shown in Fig. 2b may represent the first images of frozen subcrustal magma chambers.
